In the majority of pediatric anti-N-methyl-D-aspartate receptor encephalitis (NMDARe) cases, the underlying cause of antibody production and subsequent disease remains unknown. We aimed to characterize this poorly understood population, investigating epidemiological factors potentially related to disease etiology, particularly season of onset. In this retrospective case review study, we analyzed data from the 29 pediatric subjects with anti-NMDAR antibodies and found that symptoms were first reported in the warm months of April-September in 78% of non-tumor-related NMDARe (NT-NMDARe) cases. These findings support further investigation into a possible seasonal trigger of NT-NMDARe.
Introduction
Anti-NMDA receptor encephalitis is an autoimmune disorder characterized by the aberrant production of IgG antibodies targeting the NMDA receptor. 1 Although first described in adults, NMDARe is increasingly recognized as a cause of morbidity in children. 2 After acute demyelinating encephalomyelitis, NMDARe is the most common autoimmune encephalitis in children. 3 In adults, NMDARe is typically a paraneoplastic process, with a well-characterized association with ovarian teratomas. In children, however, the presence of tumors is inversely associated with age. 2 Recently, it was described that, in a subset of patients, herpes simplex virus (HSV) encephalitis precedes the development of NMDARe, and anti-HSV antibodies can be found during active NMDARe disease. 4 However, for the majority of NT-NMDARe patients, a cause has not been identified. Because of the severity of the disorder and the unclear provenance of autoantibody production, we were interested in characterizing the timing of symptom onset, as this could give insight into an environmental or pathogenic trigger. We hypothesized that if there is a seasonal trigger for NT-NMDARe autoantibody production, then symptom onset may also have a seasonal pattern.
Subjects and Methods
All cases of patients with NMDAR antibodies observed in the inpatient and outpatient facilities of the divisions of neurology and oncology at the Children's Hospital of Philadelphia within 13-year period (1/1/2001-8/1/2013), 21 years or younger were included in this study. Prior to 2012, all testing for NMDAR antibodies at our institution was completed by Josep Dalmau's laboratory. This testing registry and additional patients after 2012 were included from existing clinical registries. This study was approved by the institutional review boards of CHOP (study number 10416). The population of patients with opsoclonusmyoclonus-ataxia syndrome (OMAS) was similarly determined from existing databases. Attempts were made to include a complete patient cohort, and the comprehensiveness of our list was confirmed by physicians involved in NMDARe and OMAS care at our institution.
The month of symptom onset was determined from electronic records of neurology consult notes and admission documentation. Due to our small population size, we classified the timing of symptom onset as warm weather (April-September) or cold weather (October-March), as defined Philadelphia region frost dates. 5 A two-tailed Fisher's exact test was used to determine the statistical significance.
NMDAR antibodies from the cerebrospinal fluid (CSF) or serum were determined to be present by commercial testing or previously published criteria. 2 Using electronic records, we collected demographic information and testing results, including electroencephalogram (EEG), magnetic resonance imaging (MRI), and lumbar puncture (LP). EEG results were classified as normal, focal or diffuse delta/theta wave or disorganized activity, or epileptiform as documented. MRI readings were classified as normal, atrophied, or otherwise abnormal. Active disease was noted by the presence of IgM antibodies, while prior infections were classified as IgM À IgG + . First-line immunotherapies (IV steroids, IVIG, plasmapheresis) were given to all but three patients of our cohort, one of which received chemotherapy (including cyclophosphamide) after tumor removal and two with delayed diagnoses. In addition, follow-up information and neurologic outcomes were divided into three categories: limited (unable to perform activities of daily living, ADLs), substantial (able to perform ADLs, but requires support at home or at school), and full (at prior baseline). A relapse of encephalitis was defined as the new onset or worsening of symptoms occurring after documented improvement or stabilization.
Results
Of the 29 NMDARe patients enrolled in this study, 23 (79%) were tumor free (NT-NMDARe; Table 1 ), similar to previous case series. 2 Within the NMDARe population, there were six tumors identified: five teratomas and one Ewing's sarcoma.
We were particularly interested in characterizing the timing of symptom onset, as this could give insight into a possible pathogenic trigger. Due to population size, we classified the timing of symptom onset as warm weather (April-September) or cold weather (October-March) (Fig. 1A , Table 1 ). NT-NMDARe was more common in warm months (18/23, 78%), whereas tumor-related cases (T-NMDARe) presented during cold months (6/6, 100%; Fisher's exact test comparing season and presence of tumor, P = 0.0010).
As several autoimmune diseases are known to have well-established seasonal variation, we sought to characterize the timing of onset for a control population of children with OMAS. Like NMDARe, OMAS is a presumed autoimmune neurologic disease that is paraneoplastic (neuroblastoma-associated) in a subset of patients, and without tumor association or known viral trigger in the remainder. 6 In contrast to NMDARe, there was no seasonal variation in OMAS onset, with 8/14 (57%) of nontumor-associated and 9/16 (56%) tumor-associated cases beginning in the warm months of April-September (P = 1.0000).
Upon presentation to medical attention, the majority of NMDARe patients received a comprehensive evaluation including EEGs, lumbar punctures with CSF analysis, and brain MRIs (Table 1) . CSF analysis revealed a mild pleocytosis (N = 23 for NT-NMDARe, N = 3 for TNMDARe). Most initial EEGs were abnormal, and the majority of patients ultimately had a seizure during their disease course (N = 17 and 19 for NT-NMDARe, N = 3 and 5 for T-NMDARe for initial EEG abnormality and seizure prevalence, respectively).
Analysis of prior infectious exposure was limited by the heterogeneity of testing, but the rates of prior infectious exposure (IgM À IgG + ) were within that previously described for the general pediatric population; three of the 13 tested (23%) had evidence of prior Epstein-Barr virus (EBV) infection, two of 10 (20%) were positive for mycoplasma IgG (PCR negative), one of three (33%) was positive for parvovirus B19 antibodies (PCR negative; IgG), and one of seven was positive for Adenovirus by PCR of respiratory sample (14%) (negative CSF PCR) (Fig. 2) . [9] [10] [11] No patients within the T-NMDARe population were positive for infectious studies.
We also assessed the treatments administered to patients with NMDARe. Of the patients who received first-line therapy, second-line agents (rituximab or cyclophosphamide) were given to 30% of NT-NMDARe (N = 6) and 67% of T-NMDARe patients (N = 3) (P = 0.1627). The average length of follow-up was 27 months. Within the NT-NMDARe population, 87% had a substantial or full recovery at last encounter, while 50% of T-NMDARe patients had good outcomes (P = 0.0828), similar to previously published data (Fig. 1B) . 12 While the difference in outcomes is limited by the small population of T-NMDARe cases, the three poor responders with tumors were followed up for a minimum 3 years each.
Discussion
In this single institution, retrospective study, we found that children with NT-NMDARe were more likely to have their symptoms begin during warm months, clustered between April and September (Fig. 1A) . While determining the etiology of NMDARe is beyond the scope of our study, this strong seasonal variation provokes further questions into the pathogenesis of NMDARe. Infections can be seasonal; enterovirus, West Nile virus, and Lyme disease predominate in late spring-early summer. Also, several rheumatologic disorders have a seasonal onset without a clear infectious trigger. Systemic vasculitis and Wegener's granulomatosis typically present in the winter months, while giant cell arteritis varies by region. 7, 8, 13 The timing of pathogen exposure to secondary autoimmune disease can be variable as well. For HSV encephalitis, the delay to development of secondary NMDRe has been reported to be weeks, 4 whereas in Sydenham's chorea, the delay can be months.
14 Also, as is the example with narcolepsy with cataplexy triggered by the influenza virus or vaccine, a systemic stimulus can result in Central Nervous System (CNS) autoantibodies. 15 In recent studies on the role of HSV in NMDARe, only anti-HSV antibodies, not viral DNA, are present with NMDARe. 4 Our cohort would be insensitive to this switch from direct pathogen effect to postinfectious autoimmune phenomenon, as testing (PCR or antibody production) was variable. Of note, the strong summer predominance of NT-NMDARe argues against a role of vaccinations (measles-mumps-rubella, for example), which are given throughout the year, or winter pathogens, such as influenza.
Interestingly, we found that while NT-NMDARe was more common in warm months, T-NMDARe clustered in the wintertime. While we hypothesize that the winter prevalence is an artifact of small numbers, it is possible that a different seasonal variable is the part of the complex process of triggering an autoimmune disease in these patients. To address this issue, in future studies, we will characterize the seasonal variation of both NT-NMDARe and T-NMDARe in a larger cohort of patients across multiple institutions.
While this study demonstrates a strong seasonal bias in NMDARe onset, the underlying cause of this phenomenon remains still unknown. To address question, future studies could utilize patient sample banks and screen for common pathogens by both PCR and antibodies. Although molecular mimicry has been hypothesized as a possible trigger of autoimmunity in NMDARe, the epitope targeted by the autoantibodies appears to be a conformational epitope, making direct sequence comparisons to known pathogens difficult. 1 It is also possible that NMDAR antibodies are not a product of molecular mimicry, but rather result from autoantigen exposure in an inflammatory brain.
In summary, we present a retrospective case series of the 29 pediatric patients at our institution with anti-NMDA receptor antibodies. We found that the subset of patients without tumors had their onset of symptoms primarily in warm months. This study might provide insight into a possible trigger to this serious disorder.
